We designed and produced optical coatings for broad bandwidth high reflection (BBHR) of femtosecond (fs) pulses for high energy petawatt (PW) lasers. These BBHR coatings consist of TiO2/SiO2 and/or HfO2/SiO2 layer pairs formed by reactive E-beam evaporation with ion-assisted deposition in Sandia's Large Optics Coating Facility. Specifications for the HR band and center wavelength of the coatings are for 45 o angle of incidence (AOI), P polarization (Ppol), with use of the coatings at different AOIs and in humid or dry/vacuum environments providing corresponding different HR center wavelengths and spectral widths. These coatings must provide high laserinduced damage threshold (LIDT) to handle the PW fluences, and also low group delay dispersion (GDD) to reflect fs pulses without distortion of their temporal profiles. We present results of LIDT and GDD measurements on these coatings. The LIDT tests are at 45 o or 65 o AOI, Ppol in a dry environment with 100 fs laser pulses of 800 nm line center for BBHR coatings whose HR band line centers are near 800 nm. A GDD measurement for one of the BBHR coatings whose design HR center wavelength is near 900 nm shows reasonably low and smoothly varying GDD over the HR band. Our investigations include BBHR coatings designed for 45 o AOI, Ppol with HR bands centered at 800 nm in dry or vacuum environments, and featuring three options: all TiO2/SiO2 layer pairs; all HfO2/SiO2 layer pairs; and TiO2/SiO2 inner layer pairs with 5 outer HfO2/SiO2 layer pairs. LIDT tests of these coatings with 100 fs, 800 nm line center pulses in their use environment show that replacing a few outer TiO2 layers of TiO2/SiO2 BBHR coatings with HfO2 leads to ~ 80% higher LIDT with only minor loss of HR bandwidth.
INTRODUCTION
The context for this paper is that of large-scale petawatt (PW) laser systems [1] , of which the Vulcan laser [2] at the Rutherford Appleton Laboratory is an example, as are Sandia's Z-Backlighter lasers [3, 4] , shown in a schematic facility overview in Fig. 1 , which are kilojoule (kJ) class pulsed lasers coupled to the most powerful and energetic xray source in the world, the Z-Accelerator [5, 6] . Such PW lasers require meter-size optics to handle large cross section laser beams, whose transverse dimensions are 30 cm X 30 cm in the case of the Z-Backlighter lasers. Sandia has invested in a large optics coating system (see Fig. 2 ) dedicated to producing high laser-induced damage threshold (LIDT) optical coatings on the meter-scale optics of PW-class lasers, with priority going to coatings for the Z-Backlighter lasers [7, 8] . Sandia's large optics coater is a 2.3 m X 2.3 m X 1.8 m coating chamber in a Class 100 clean room, and can accommodate optics with dimensions that allow them to fit within a circle of 120 cm diameter. It features 3 E-beam sources to evaporate thin film materials with or without ion-assisted deposition (IAD). Control of oxygen back pressure in the chamber allows for reactive deposition of metal oxide layers (TiO2 and HfO2, for example) from E-beam evaporation of the metal (Ti and Hf, for TiO2 and HfO2 layers, respectively). Process control is based on crystal sensor monitoring of layer thicknesses. The coater provides 50 -100 antireflection (AR) coated debris shields and vacuum windows for Z backlighting operations per year, and routinely produces high reflection (HR), including broad bandwidth high reflection (BBHR), AR, polarizer, and dichroic coatings. This paper deals with BBHR coatings for large-scale, fs-class PW lasers, which have flourished due to advancements in optical parametric chirped pulse amplification (OPCPA) together with temporal compression of amplified chirped laser pulses using large dimension gratings. Such BBHR coatings must afford high LIDT and low group delay dispersion (GDD) for reflection that does not temporally distort or stretch the fs pulses, and they usually provide reflection at non-normal angle of incidence (AOI), mostly at 45 o in P polarization (Ppol), for laser beam steering purposes. We particularly have these BBHR coatings in mind for meter-scale off-axis parabola and/or flat turning mirrors in the final optics assemblies of fs-pulse PW laser systems. Typical coating design goals include HR > 99.5% for 45 o AOI, Ppol; HR center wavelength (line center) close to the fs-pulse line center; HR operational bandwidth greater than the fs-pulse bandwidth; GDD within ± 20 fs 2 over the operational bandwidth; and LIDT > 800 mJ/cm for fs-class pulses.
We initially designed a BBHR coating consisting of TiO2/SiO2 layer pairs for fs, 900 nm line center, PW laser pulses at 45 o AOI, Ppol, and produced this coating in run 071 for use in a humid, 50% relative humidity (RH), environment, and in run 072 for use in a dry, 0% RH, environment [9] . These two environments are related to a reality associated with the use and GDD/LIDT testing of deposited BBHR coatings: namely, their HR bands shift in wavelength depending on changes in the ambient environment, whether dry/vacuum or humid. These environmentrelated spectral shifts are in addition to the normal spectral shifts associated with changes in AOI. The HR-band shifts down in wavelength with increasing AOI, and up in wavelength with increasing RH. The spectral shifts due to humidity are associated with absorption by the coating of water from the ambient humid environment. Such humidity-related spectral shifts increase in amount as the number of coating layers or their thickness increases, which is consistent since more or thicker layers can absorb more water. Though very dense coatings, such as produced by ion-beam sputtering or by E-beam evaporation with IAD, absorb little to no water, the E-beam/IAD BBHR coatings of this study, because of their many layers, do absorb enough water to result in spectral shifts in humid environments. The use environment for mirrors in the final optics assemblies of fs-class PW lasers is vacuum (i.e., dry) while GDD and LIDT testing of coatings often occurs in humid laboratory environments. The result is that fs-pulse spectral bands and the coating's HR band may not match, depending on ambient conditions. Another testing issue is that fs-pulse LIDT measurements at 900 nm line center are difficult to obtain because the most common, reliable fs-pulse test lasers use Ti:Sapphire/OPCPA technology that favors operation at ~ 800 nm line center.
We investigated such test-laser as well as test-environment issues in connection with ns, ps and sub-ps LIDT tests at 1054 nm and/or 1064 nm on the run 071 and 072 BBHR coatings that we produced for fs, 900 nm line center pulses [10] . In this paper, we devote Section 2 to an extension of this line of investigation by reporting on a GDD test in a humid, 50% RH environment of the 900 nm line center, run 072 BBHR coating deposited for use in a dry or vacuum environment, and on LIDT tests using 100 fs, 800 nm line center laser pulses at 65 o AOI, Ppol under dry conditions of the 900 nm line center, run 071 BBHR coating deposited for use in a humid, 50% RH environment. These LIDT tests use a protocol that features a raster scan of the focused laser pulses over a dense set of scan sites in a 1 cm 2 area. In Section 3, we turn to BBHR coatings for use with fs, 800 nm line center, pulses at 45 o AOI, Ppol under dry (0% RH) conditions. We have produced these 800 nm line center coatings using TiO2/SiO2 and/or HfO2/SiO2 layer pair options, and present results of the raster-scan LIDT tests of these coatings with 100 fs, 800 nm line center laser pulses under their use conditions. These latter laser damage tests show that a BBHR coating with TiO2/SiO2 inner layer pairs and a small number of HfO2/SiO2 outer layer pairs has a significantly higher LIDT and only slightly less HR bandwidth compared to BBHR coatings with all TiO2/SIO2 layer pairs.
BBHR COATINGS USING TiO2/SiO2 LAYER PAIRS FOR fs, 900 nm LINE CENTER PULSES
The BBHR coating design that we mentioned above and reported in a previous paper [9] is for an all-dielectric multilayer, quarter-wave type BBHR coating for 45 o AOI, Ppol based on TiO2/SiO2 layer pairs and reversed chirped TiO2 versus SiO2 layer thicknesses from outer to inner layers and exhibiting a 200 nm HR band centered at 900 nm with smoothly varying GDD that is within ± 20 fs 2 over a large part of the operational HR band (see Fig. 3 ). The SiO2 layers were produced by E-beam evaporation of SiO2 with IAD, and the TiO2 layers were produced by E-beam evaporation of Ti metal in a reactive process governed by a back pressure of O2 with IAD. As mentioned above, the production of this coating was for two use environments; run 071 for use in a 50% RH ambient environment, and run 072 for use in a dry/vacuum environment. are examples of the transmission spectral shifts of BBHR coatings with AOI and RH that we discussed earlier, in Section 1. According to Fig. 4 , the run 072 coating affords a 213 nm wide HR band (for R > 99.5% at 45 o AOI, Ppol) with a line center (911.5 nm) that is close to 900 nm in its 0% RH use environment, but the HR band shifts to have a 944 nm line center in a 50% RH environment. We had this coating, designed for use in a dry or vacuum environment, undergo a GDD measurement in a humid (~ 50% RH) laboratory environment. Such a mismatch between use and test environments is often the only choice, because the considerations that determine test laboratory environments are not the same as those that determine PW laser use environments. Figure 5 shows the results of this GDD measurement, which was performed by Layertec GmbH [11] using a Chromatis white light interferometer. The vertical green lines of Fig. 5 identify the boundaries of the HR band, with its 944 nm line center, of the run 072 coating in the 50% RH measurement environment. The GDD is within ± 20 fs 2 between 880 nm and 992 nm, and has similar behavior to the GDD of our initial BBHR coating of this design [9] . The GDD's sharp drop and rise at the long wavelength edge of the HR band could compromise the temporal profiles of reflected fs pulses, especially those of bandwidth > ~ 100 nm. The GDD over the HR band under humid conditions may not shift directly in wavelength to the HR band under use (dry) conditions, but does indicate the coating's GDD trends. The LIDT tests were performed by Spica Technologies, Inc.
[12] using a variation of the NIF-MEL protocol [13] . The 100 fs, 800 nm line center laser pulses were single longitudinal and transverse mode with a FWHM bandwidth of ~ 14 nm and a pulse repetition rate of 1000 Hz. The test procedure was as follows. A sequence of raster scans of the focused laser pulses over a 1 cm X 1 cm area takes place with each scan at a single fluence and each scan site receiving a single laser pulse per scan. Fluence is measured in the transverse cross section of the laser beam. "Vertical" and "horizontal" scan rates provide strong site-to-site overlap of pulses with site-to-site separations of ~ 1.5 m vertically and ~ 100m horizontally depending on AOI and transverse 1/e 2 focal spot diameters, which are in the range of ~ 340 m. For this strong overlap of the pulses site-to-site, the focal spots overlap each other at 90% of their peak intensities for adjacent scan sites in the horizontal direction, and overlap each other nearly completely for adjacent scan sites in the vertical direction (for which the site-to-site separation is only ~ 1.5 m). In the sequence of raster scans, the fluence of the first scan starts well below the threshold for laser damage, and the fluence increases for each subsequent scan. A camera detects damage that is either non-propagating (i.e., that occurs but does not grow) or propagating (i.e., that occurs and grows when the focal spot returns in a subsequent scan or advances to neighboring sites in the same or a subsequent scan). The LIDT is the fluence at which the accumulated number of non-propagating damage sites exceeds 1% of all raster scan sites, or at which propagating damage occurs, whichever is the lower fluence. This LIDT protocol involves a type of laser conditioning in that each scan site receives a sequence of single pulses of increasing fluence in combination with similar pulses at neighboring sites due to the strong site-to-site overlap of the single pulses. There is a multiple-pulse aspect to this laser conditioning owing to the strong overlap of each pulse with neighboring pulses, particularly along the vertical scan direction. 
BBHR COATINGS USING TiO2 AND HfO2 LAYER OPTIONS FOR fs, 800 nm LINE CENTER PULSES
We next turn to BBHR coatings using TiO2/SiO2 and/or HfO2/SiO2 layer pairs and designed for fs, 800 nm line center laser pulses at 45 o AOI, Ppol in dry (0% RH) or vacuum environments. The trade-offs between TiO2 and HfO2 as high index layers are that TiO2 (of index 2.42 at 500 nm) affords a higher index contrast with SiO2, and corresponding broader HR band, than does HfO2 (of index 2.02 at 500 nm); while HfO2 (of 5.1 eV band gap) affords higher resistance to laser-induced damage, particularly by fs pulses, than does TiO2 (of 3.3 eV band gap). To study these trade-offs, we have produced these BBHR coatings using reactive E-beam evaporation of Ti and Hf with IAD for the TiO2 and HfO2 layers, respectively, and E-beam evaporation of SiO2 with IAD for the SiO2 layers, with the coatings having the following TiO2 and HfO2 layer options.
 All TiO2/SiO2 layer pairs, with high TiO2 index favoring broader HR band but low TiO2 bandgap compromising LIDT.  All HfO2/SiO2 layer pairs, with lower HfO2 index leading to a less broad HR band but higher HfO2 band gap favoring higher LIDT.  TiO2/SiO2 inner layer pairs and 5 HfO2/SiO2 outer layer pairs, with TiO2 in inner layers supporting a broad HR band, and HfO2 in the outer layers, where E-field intensity peaks are highest, supporting a higher LIDT. We previously explored these options in the case of LIDT testing with 1064 nm, ns pulses [14] , for which extrinsic laser-induced damage mechanisms associated with microstructural defects and particulate or nodule contamination of the coating play a strong role. Here, with fs pulses at 800 nm line center, intrinsic laser-induced damage We had the coatings of Fig. 8 undergo LIDT tests in a dry (0% RH) environment with 100 fs, 800 nm line center laser pulses at 45 o AOI, Ppol according to the NIF-MEL protocol described above. Figure 9 shows the results of these LIDT tests using the same format as 
SUMMARY
We designed a BBHR coating consisting of TiO2/SiO2 layer pairs and having a 200 nm HR band centered at 900 nm for reflection with low GDD of fs, 900 nm line center PW laser pulses at 45 o AOI, Ppol, and produced this coating for use in a humid (50% RH) environment and in a dry (0% RH) or vacuum environment. A reality of these BBHR coatings produced by E-beam evaporation with IAD is that the use and GDD/LIDT testing of the deposited coatings are affected by HR band shifts according to AOI and ambient conditions, so that matching test and use conditions is not always convenient. A GDD measurement in a humid (50% RH) environment of the 900 nm line center BBHR coating produced for use in a dry (0% RH) environment highlights this reality, as does a LIDT test with 100 fs, 800 nm line center laser pulses in a dry (0% RH) environment at 65 o AOI, Ppol of the 900 nm line center BBHR coating produced for humid use conditions at 45 o AOI, Ppol. We then turned to BBHR coatings designed for 45 o AOI, Ppol with HR bands centered at 800 nm in dry (0% RH) or vacuum environments, and featuring three options: all TiO2/SiO2 layer pairs; all HfO2/SiO2 layer pairs; and TiO2/SiO2 inner layer pairs with 5 outer HfO2/SiO2 layer pairs. LIDT tests of these coatings with 100 fs, 800 nm line center pulses in their use environment show that replacing a few outer TiO2 layers of TiO2/SiO2 BBHR coatings with HfO2 leads to ~ 80% higher LIDT with only minor loss of HR bandwidth.
